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The small (S) genomic segment of Bunyamwera virus (family Bunyaviridae, genus Bunyavirus) encodes the nucleocapsid
protein, N, and a nonstructural protein, NSs, in overlapping reading frames. In order to elucidate the function of NSs, we
established a plasmid-based minireplicon system using mammalian cells that express large amounts of T7 RNA polymerase.
Expression of N, the viral polymerase protein (L), and a minireplicon containing a reporter gene was sufficient to reconstitute
functional virus nucleocapsids. Coexpression of NSs, however, led to a dose-dependent decrease in reporter activity without
affecting expression of controls. The inhibition could not be reversed by overexpression of N, L or the minireplicon, indicating
that the NSs effect was not caused by a reduction in virus gene expression. The NSs proteins of two other members of the
Bunyavirus genus, Guaroa virus and Lumbo virus, were also inhibitory in our system. The intracellular localisation of
Bunyamwera virus NSs was investigated and found to be predominantly cytoplasmic, but intranuclear inclusion was also
detected. Taken together, these data suggest that, in mammalian cells, the bunyavirus NSs protein controls the activity of the
viral polymerase by a highly conserved mechanism. © 2001 Academic Press
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Most viruses express nonstructural proteins in addi-
tion to the structural proteins that constitute the virus
particles. Frequently, these cell-associated proteins are
not essential for virus replication in cell culture, defining
them as accessory proteins, and their function is poorly
understood. For viruses of the Bunyaviridae family, the
role of the nonstructural protein NSs has yet to be es-
tablished. Members of the Bunyaviridae are enveloped
viruses and have been classified into five genera: Bun-
yavirus, Hantavirus, Nairovirus, Phlebovirus, and Tospo-
virus. More than 300 individual viruses, transmitted
mainly by arthropods, are contained within the family
(Elliott, 1996). All members have a trisegmented single-
stranded RNA genome of negative or ambisense polarity,
replicate in the cytoplasm, and bud into the Golgi appa-
ratus (Bishop, 1996). They encode four common proteins:
the viral nucleocapsid protein (N) on the smallest (S)
segment, two glycoproteins (G1 and G2) on the medium
(M) segment, and the viral polymerase (L) on the large (L)
segment. Viruses within some genera also encode non-
structural proteins, either on the M segment (termed
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67NSm) or on the S segment (NSs). For the NSs protein, the
strategy of expression differs between genera, and the
primary sequences and molecular weights are highly
variable, such that there is no evidence for isofunction-
ality of NSs proteins from viruses in different genera. In
addition, members of the Hantavirus and Nairovirus gen-
era do not possess an NSs gene. For both of these virus
groups the N protein is considerably larger than that
encoded by the NSs-expressing viruses, and Simons et
al. (1992) have proposed that the NSs-associated func-
tion may be contained within the larger N proteins of
these viruses.
The Bunyavirus genus includes important pathogens
such as La Crosse virus, which is the most common
cause of mosquito-borne encephalitic illness in the
United States, and Oropouche virus, the cause of an
acute febrile illness that constitutes an emerging public
health problem in South America (Elliott, 1997). For
Bunyamwera virus (BUN), the prototype of both the Bun-
yaviridae family and the Bunyavirus genus, NSs is a
small hydrophobic protein of 101 amino acids expressed
from an internal 11 reading frame within the N gene.
The general features of BUN transcription and RNA
replication are similar to those of other negative-
stranded RNA viruses (Bishop, 1996). The three genomic
RNA segments are encapsidated by N protein and as-
sociate with minor amounts of L protein both intracellu-
larly and in the virion, and it is only the nucleocapsids
that are functional templates for mRNA synthesis and
RNA replication by the viral polymerase.
0042-6822/01 $35.00
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68 WEBER ET AL.Here, we investigated the regulatory role of the BUN
NSs protein in RNA synthesis, using a novel in vivo
system to reconstitute BUN nucleocapsids from cloned
cDNAs. The system involves the viral proteins L and N
and a bunyavirus-like minireplicon that serves as a re-
porter for the reconstituted BUN polymerase activity. We
were able to show that NSs is a potent repressor of the
BUN polymerase in our system. Furthermore, we found
that NSs is expressed mainly in the cytoplasm, the sub-
cellular compartment for virus replication.
RESULTS
Effect of NSs protein expression on the activity of the
BUN minireplicon system
Previously we described the intracellular reconstitu-
tion of BUN nucleocapsids from transiently expressed
components supplied on plasmids (Dunn et al., 1995).
The minimal components of this minireplicon system
were (i) plasmid expressing BUN L, the virus polymerase;
(ii) plasmid expressing BUN N, the viral nucleocapsid
protein; and (iii) minireplicon RNA, an analog of viral
genomic RNA consisting of a negative-sense chloram-
phenicol acetyltransferase (CAT) reporter gene flanked
by BUN promoter sequences. The L and N proteins were
shown to be both necessary and sufficient to reconsti-
tute active nucleocapsids, leading to expression of CAT
enzyme activity. Furthermore, a difference in the level of
CAT activity was noted when NSs was coexpressed, but
this was not pursued further (Dunn et al., 1995).
In the above system, transcription of BUN sequences
from plasmids was driven by bacteriophage T7 RNA
polymerase provided by a vaccinia helper virus, vTF7-3
(Fuerst et al., 1986). While this vaccinia helper virus has
many advantages such as cytoplasmic capping activity
and high levels of expression, it has several drawbacks
including the shut-off of nuclear transcription and cyto-
pathic effects. Recently, noncytopathic Sindbis virus rep-
licons (T7-SIN) that allow long-term expression of T7
RNA polymerase in BHK cells have been developed
(Agapov et al., 1998). We modified our reconstituted sys-
tem to express a BUN minireplicon in these T7-SIN cells.
For this purpose, the BUN L gene (coding for the poly-
merase) and the BUN S gene (coding for both N and NSs
proteins) were cloned into an internal ribosome entry site
(IRES)-containing vector, pTM1 (Moss et al., 1990), allow-
ing translation in a cap-independent manner. Further,
plasmids containing the reading frames of N only (with
point mutations that abrogate NSs translation) and NSs
only were generated. As a reporter we chose Renilla (sea
pansy) luciferase (REN-Luc). This allowed us to assay
reconstituted BUN transcription, by REN-Luc activity, to-
gether with Photinus (firefly) luciferase (FF-Luc) activity.
FF-Luc was expressed from a pTM1 construct and
served as an internal control for transfection efficiency
and cell viability.As a first step towards the characterisation of the
system, we compared the efficiency of minireplicon tran-
scription by BUN L when either BUN N or BUN S (en-
coding both BUN N and BUN NSs) plasmids were used.
The system was optimised by titration of N or S plasmid
against constant amounts of L plasmid (data not shown).
As shown in Fig. 1, use of pTM1-BUNN resulted in ap-
proximately fivefold higher reporter activity than when
pTM1-BUNS was used (columns 1 and 2, REN-Luc). To
exclude nonspecific inhibition of the T7-SIN system, we
showed that the internal control, FF-Luc, was not af-
fected to such an extent when cotransfected into the
cells (Fig. 1, columns 1 and 2, FF-Luc). In Fig. 1 and the
following figures, the luciferase counts (REN-Luc and
FF-Luc) were normalised with respect to the REN-Luc
activity of the experiment with pTM1-BUNN in the plas-
mid mixture.
It was thought possible that the reduced efficiency of
the BUN minireplicon system, observed when using the
BUN S plasmid, was due to an inhibitory effect of the NSs
protein expressed from the BUN S mRNA. Alternatively, it
could be that a reduced amount of N was expressed
when NSs was translated from the same mRNA and that
the larger amounts of BUN S plasmid required to com-
FIG. 1. Expression of a reporter minireplicon by recombinant Bun-
yamwera virus proteins. T7-SIN cells were transfected with pTM1-
BUNL (1 mg), pT7riboBUNMREN(2) (0.5 mg), and either pTM1-BUNN or
TM1-BUNS (0.5 mg), designated here as L, vREN, N, and S, respec-
ively. As an internal control, 0.1 mg of the T7-driven firefly luciferase
construct pTM1-FF-Luc was cotransfected. After incubation overnight,
cells were lysed and luciferase activities were measured in a dual
reporter assay (Promega). Renilla luciferase activity (REN-Luc, black
columns) reflects minireplicon expression by recombinant BUN pro-
teins. Firefly luciferase activity (FF-Luc, grey columns) reflects expres-
sion of the T7-driven control plasmid. The luciferase counts (REN-Luc
and FF-Luc) were normalised with respect to the REN-Luc activity of the
experiment with pTM1-BUNN in the plasmid mixture. In this figure and
the following figures, data from a representative experiment are shown.
To clarify differences between the BUN N and the BUN S expression
constructs, the respective translation products are depicted below the
graph.pensate for this would overload the transfection capacity
of the system. To distinguish between these possibilities,
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69BUNYAMWERA VIRUS NSs PROTEINthe basic BUN minireplicon system (consisting of BUN L
and N proteins and the minireplicon) was supplemented
with NSs provided on a separate plasmid. As seen in Fig.
2A, NSs supplied in trans (columns 3, REN-Luc) had an
nhibitory effect on the BUN minireplicon system similar
o that observed when the BUN S construct was used
see above). In contrast, a control construct, pTM1-CTRL,
ncoding a polypeptide of similar size as NSs (Fig. 2A,
olumns 2, REN-Luc) did not have such a marked effect
Fig. 2A, columns 1; REN-Luc). Again, there was no sig-
ificant effect on the internal control (Fig. 2A, columns 1,
, and 3, FF-Luc).
Although NSs was able to exert its effect when ex-
ressed from a separate plasmid, NSs could still have
ffected BUN N expression in the cotransfected cells. We
herefore evaluated N protein levels in cells coexpress-
ng NSs by Western blot analysis. As can be seen in Fig.
B, N expression levels did not differ between dishes
ransfected with either the basic plasmid mixture con-
aining pTM1-BUNN (lane 1) or with the addition of NSs
lane 3) or control protein (lane 2).
Taken together, these data suggest that NSs specifi-
FIG. 2. Effect of NSs in trans. (A) T7-SIN cells were transfected with
plasmids pTM1-BUNL (1 mg), pT7riboBUNMREN(2) (0.5 mg), and
pTM1-BUNN (0.5 mg), encoding the basic components of the BUN
inireplicon system, and the FF-Luc internal control (0.1 mg) as de-
cribed in the legend to Fig. 1. Cells in dish 2 were cotransfected with
he control construct pTM1-CTRL (0.5 mg) and cells in dish 3 with the
NSs-expression construct pTM1-BUNNSs (0.5 mg). FF-Luc and REN-
Luc activities were determined and normalised to the REN-Luc activity
of the experiment with no additional plasmid (dish 1). (B) Detection of
N protein. Ten micrograms of total cell protein from the above dishes
was separated by SDS–PAGE and subjected to Western blot analysis
using an anti-BUN N antiserum.ally represses the activity of reconstituted BUN poly-
erase in the minireplicon system.
a
mubcellular localisation of BUN NSs
There are no reports on the subcellular localisation of
he NSs protein encoded by bunyaviruses. Analysis of
his would be facilitated by the availability of anti-NSs
ntiserum, but attempts to produce anti-peptide NSs
ntisera have so far been unsuccessful (unpublished
esults). Therefore, in order to determine where BUN
Ss locates in the cell, we fused a coding sequence for
n N-terminal FLAG peptide to the NSs cDNA sequence.
mportantly, the modification did not alter the ability of
Ss to repress BUN polymerase activity in the minirep-
icon system (data not shown), indicating that this activity
f NSs was not impaired. Cells were transfected with the
LAG-NSs plasmid and analysed by confocal immuno-
luorescence microscopy. Figure 3A shows that NSs is
ocated in the cytoplasm of transfected cells. Interest-
ngly, in some cells NSs was also detected in the nu-
leus, forming aggregate-like structures (Fig. 3B). These
ata show that the BUN NSs protein is mainly confined
ainly to the cytoplasm but can also enter the nucleus.
verexpression of BUN nucleocapsid components
We further elucidated the possible mechanism by
hich BUN NSs affects BUN polymerase activity. Individ-
al components of the BUN minireplicon system were
verexpressed by increasing the amount of plasmid DNA
ransfected to see whether the effect of NSs could be
utcompeted. Figure 4A (columns 2 to 5) shows that
either the overexpression of BUN N or L proteins, nor of
he minireplicon was able to neutralise the NSs-medi-
ted inhibition of the basic minireplicon system (Fig. 4A,
olumns 1). Figure 4B shows a Western blot that dem-
nstrates that increasing the amount of pTM1-BUNN
NA transfected results in increased experession of N
rotein; similar results were obtained when L protein
xpression was analysed (data not shown). The ob-
erved inhibition of REN-Luc activity was not due to
verexpression of any of the components, however,
ince replacing the NSs construct with that encoding the
ontrol polypeptide restored basic activity or even in-
reased it (Fig. 4A, columns 6 to 9). We also investigated
hether BUN NSs could discriminate between the pro-
oters of the three genomic segments. To this end,
inireplicon reporter constructs representing the S or L
enomic segments of BUN were used in parallel to the
-promoter construct used in the previous experiments.
n all cases, a similar degree of inhibition was achieved
hen NSs was coexpressed (data not shown). Taken
ogether, these results indicate that NSs does not di-
ectly inactivate the N or L proteins or the viral genome
nd inhibits transcription/replication of all BUN seg-
ents similarly.
opidium
o
a
70 WEBER ET AL.NSs acts in a dose-dependent manner
We titrated the amount of NSs plasmid necessary to
inhibit the BUN minireplicon system. For this purpose,
FIG. 3. Subcellular location of BUN NSs. T7-SIN cells were transfec
peptide tag. Cells were fixed 18 h posttransfection and analysed by ind
of the fusion protein (green). Cell nuclei were counterstained with pr
Cytoplasmic and nuclear location of FLAG-NSs.
FIG. 4. Overexpression of BUN nucleocapsid components. (A) T7-SIN
cells were transfected with plasmids encoding the basic components
of the BUN minireplicon system and the FF-Luc control as described in
the legend to Fig. 2. Cells in dishes 2 to 5 were cotransfected with
pTM1-NSs (0.5 mg) and cells in dishes 6 to 9 were cotransfected with
pTM1-CTRL (0.5 mg). In addition, 1 mg extra of pTM1-BUNN was added
to dishes 3 and 7, 1 mg extra of pTM1-BUNL to dishes 4 and 8, and 1
mg extra of pTM1-pT7riboBUNMREN(2) to dishes 5 and 9. (B) Detec-
tion of N protein in cells transfected with 0 mg (lane 1), 0.5 mg (lane 2),
or 1.5 mg (lane 3) pTM1-BUNN DNA. Equal amounts of cell extract were
separated by SDS–PAGE and subjected to Western blot analysis using
an anti-BUN N antiserum.
c
pincreasing concentrations of pTM1-BUNNSs were used
in the minireplicon system (Fig. 5, columns 2 to 5, REN-
Luc). A clear inhibitory effect on REN-Luc activity was
evident when cells were treated with as little as 60 ng of
NSs plasmid (Fig. 5, columns 2, REN-Luc). This effect
was further enhanced with increasing amounts of NSs
plasmid (Fig. 5, columns 3 to 5, REN-Luc). In contrast, the
control plasmid did not have a significant effect on the
system (Fig. 5, compare columns 1 and 6, REN-Luc).
Therefore, NSs can exert its inhibitory effect at low plas-
mid concentrations, suggestive of a high specificity.
h pTM1-FLAG-NSs, encoding BUN NSs fused to an N-terminal FLAG
munofluorescence using antibodies directed against the FLAG portion
iodide (PI, red). (A) Cytoplasmic location of FLAG-NSs (green). (B)
FIG. 5. Concentration dependency of the NSs-mediated inhibition.
T7-SIN cells were transfected with plasmids encoding the basic com-
ponents of the BUN minireplicon system and the FF-Luc control as
described in the legend to Fig. 2. In addition, 0.5 mg of pTM1 (dish 1)
r pTM1-CTRL (dish 6) was added to the plasmid mixture or increasing
mounts of pTM1-BUNNSs as indicated (dishes 2 to 5). Total DNAted wit
irect imoncentrations were kept constant by addition of the vector plasmid
TM1.
o
s
m
r
m
N
3
s
a
r
N
(
a
t
a
t
a
c
b
n
a
r
l
f
N
n
s
a
t
o
c
c
e
r
s
a
e
i
a
s
s
s
o
c
b
o
a
s
l
t
f
v
p
t
a
a
t
t
v
i
S
l
c
p
i
a
C
p
71BUNYAMWERA VIRUS NSs PROTEINNSs proteins of other members of the Bunyavirus
genus
The NSs proteins of bunyaviruses vary in their primary
sequences, but within genera contain conserved se-
quence elements (Elliott, 1996). To investigate a possible
role for these elements in the regulation of the reconsti-
tuted BUN polymerase, we examined the effect of NSs
proteins from other members of the Bunyavirus genus in
ur minireplicon system. NSs from two viruses were
tudied: Guaroa virus (GRO), which has the shortest and
ost distant NSs sequence within the Bunyamwera se-
ogroup (Dunn et al., 1994), and Lumbo virus (LUM), a
ember of the California encephalitis serogroup. The
Ss sequences of these viruses vary by 40% (GRO) and
0% (LUM) amino acid identity from BUN NSs, but con-
erved regions can be identified (Fig. 6A). We studied the
ctivity of these different NSs proteins in the BUN mini-
eplicon system. Interestingly, both GRO NSs and LUM
Ss had an inhibitory effect similar to that of BUN NSs
Fig. 6B). This finding suggests that the repressor activity
gainst the viral polymerase is a conserved feature of
FIG. 6. Effect of NSs proteins from other bunyaviruses. (A) Compar-
son of the BUN, Guaroa (GRO), and Lumbo virus (LUM) NSs amino
cid sequences. Sequence alignments were performed using the
LUSTALW program (Thompson et al., 1994) with default parameter
settings. Amino acid residues either identical or with similar chemical
properties in at least two of three sequences are shaded in black or
grey, respectively. (B) Cells were transfected with plasmids encoding
the basic components of the BUN minireplicon system and the FF-Luc
control as described in the legend to Fig. 2. In addition, cells were
transfected with 0.5 mg of pTM1-CTRL (dish 1), 0.5 mg of pTM1-
BUNNSs (dish 2), 0.5 mg of pTM1-GRONSs (dish 3), or 0.5 mg of
TM1-LUMNSs (dish 4).he NSs protein and can act across virus species bound-
ries within the Bunyavirus genus.
i
iDISCUSSION
This study demonstrates that the bunyavirus nonstruc-
ural protein NSs down-regulates the viral polymerase in
minireplicon system that reconstitutes bunyavirus nu-
leocapsids from transfected cDNAs. NSs was found to
e highly active, with input plasmid concentrations of 60
g per dish resulting in approximately 60% reduction of
ctivity (Fig. 5). In infected mammalian cells, BUN NSs is
eadily detected by 6 h postinfection, and expression
evels parallel those of the N protein, which is translated
rom the same mRNA (Scallan and Elliott, 1992). That
Ss is active at low concentrations and also in the
atural context of the S segment gene expression (Fig. 1)
uggests that the effect is an authentic one and could
lso operate during BUN infection.
We ruled out certain trivial possibilities for the inhibi-
ory effect of NSs. Inhibition depended on the presence
f an intact NSs ORF, since mutations of the NSs start
odons in an otherwise unaltered BUN S expression
onstruct abolished the NSs effect (Fig. 1). This provides
vidence that the effect was mediated by the NSs protein
ather than the RNA. The synthesis of N protein and of a
econd reporter protein, both expressed by T7 polymer-
se, was largely unaffected by NSs (Fig. 2). In some
xperiments, a reduction (up to 20%) in expression of the
nternal control could be observed, but this is most prob-
bly due to toxic side effects of prolonged NSs expres-
ion in the cell and clearly different from the specific
uppression of the BUN polymerase activity. This view is
upported by the fact that by increasing the expression
f nucleocapsid components, which should more than
orrect for reduced expression, the NSs-mediated inhi-
ition could not be outcompeted (Fig. 4). Thus, the effect
f NSs on BUN minireplicon transcription cannot be
scribed to perturbation of plasmid transfection, synthe-
is of T7 polymerase, T7-mediated transcription, or trans-
ation. Furthermore, NSs affects the promoters of all
hree BUN segments similarly (data not shown). There-
ore, it is possible that NSs inhibits a basic activity of the
iral polymerase, either by direct interaction or by com-
etition for cellular cofactors.
We also tested NSs proteins of two other members of
he Bunyavirus genus, Guaroa virus and Lumbo virus,
nd found that they were inhibitory to the BUN polymer-
se (Fig. 6), indicating a highly conserved mechanism
hat can act across bunyavirus species boundaries. In-
erestingly, segment reassortment between compatible
iruses of the Bunyavirus genus occurs exclusively early
n the multiplication cycle (Iroegbu and Pringle, 1981).
ince NSs accumulates in the cell during infection (Scal-
an and Elliott, 1992) and is present in the cytoplasm, the
ompartment entertaining virus replication (Fig. 3), it is
ossible that the high levels of NSs achieved later innfection might suppress growth of a second bunyavirus
n the same cell.
h
s
i
i
s
t
v
o
c
i
i
r
t
r
t
a
(
M
b
a
S
o
r
a
p
a
t
r
a
f
h
t
(
u
a
i
v
t
t
n
p
a
P
l
c
p
p
c
t
I
M
(
p
s
b
p
r
p
l
5
c
a
g
a
n
E
s
p
B
B
d
n
o
r
w
a
P
r
72 WEBER ET AL.The NSs of RVFV, a member the Phlebovirus genus,
ad no such negative effect in an analogous minireplicon
ystem (Lopez et al., 1995). The NSs proteins of viruses
n these two Bunyaviridae genera, however, are different
n size, primary sequence, and in how they are encoded,
uggesting functional diversity. It is therefore possible
hat the NSs proteins of viruses in the different Bunya-
iridae genera have adopted different or only partially
verlapping functions with respect to the viral replication
ycle. In this regard it is noteworthy that recent results
ndicate that both the BUN and the RVFV proteins des-
gnated NSs play a role in antagonsim of the interferon
esponse (Bridgen et al., 2001; Haller et al., 2000).
Precedents for proteins with roles as negative regula-
ory factors can be found in other negative-strand vi-
uses. The M1 (matrix) protein of influenza A virus and
he Z protein of lymphocytic choriomeningitis virus have
n inhibitory effect on their virus polymerase activity
Watanabe et al., 1996; Lee et al., 2000). The NS1 and
2-2 proteins of respiratory syncytial virus (RSV) have
een shown to be potent inhibitors of viral transcription
nd replication (Atreya et al., 1998; Collins et al., 1996).
imilarly, the V and C proteins of SeV and the V protein
f measles virus were shown to interfere with genome
eplication (Curran et al., 1991; Cadd et al., 1996; Tober et
l., 1998). Interestingly, the coding strategy of the SeV C
rotein resembles that of NSs in that it is translated from
n alternative reading frame within the ORF for a struc-
ural protein (SeV P). This strategy may ensure a constant
atio between the inhibitory protein (SeV C/BUN NSs)
nd the structural protein (SeV P/BUN N), indicating a
unctional relationship between these proteins. Indeed, it
as been shown that the SeV C protein directly binds to
he viral polymerase L, of which the P protein is a subunit
Horikami et al., 1997). Therefore, it is tempting to spec-
late that NSs has a similar mechanism of action, and
ttempts to identify a viral interacting protein partner are
n progress.
Elucidation of the mechanism of inhibition by intrinsic
iral polymerase repressors such as BUN NSs and iden-
ification of the viral target structure can help virologists
o understand further the intracellular multiplication of
egative-stranded viruses and may lead to novel thera-
eutic and preventive strategies for the control of their
ssociated diseases.
MATERIALS AND METHODS
lasmid constructions
All plasmids were constructed by using standard mo-
ecular biology techniques (Ausubel et al., 1993) and
hecked by restriction analysis and/or sequencing. The
rotein-expression plasmids pTM1-BUNS, pTM1-BUNN,
TM1-BUNNSs, pTM1-GRONSs, and pTM1-LUMNSs
ontained the appropriate coding sequences under con-
rol of a T7 promoter and the encephalomyocarditis virus
g
nRES in the vector pTM1 (Moss et al., 1990). The control
construct pTM1-CTRL contained the coding sequence
for a polypeptide of the same length as NSs. The plas-
mids were constructed as follows. The ORF was ampli-
fied by PCR with an upstream primer containing a BsmBI
restriction enzyme site designed to form a NcoI overhang
upon restriction digestion. The downstream primer con-
tained an XhoI restriction enzyme site. Primer sequences
are available from the authors upon request. The PCR
products were digested with BsmBI and XhoI and cloned
into NcoI–XhoI digested pTM1. The template for PCR
amplification of BUN S and BUN NSs sequences was
pTFBUNS (Dunn et al., 1995). BUN N was amplified from
pTZBUNS(2NSs), a construct that contains point muta-
tions that abrogate NSs translation but do not alter the N
amino acid sequence (Dunn et al., 1995). To generate
expression plasmids pTM1-GRONSs and pTM1-
LUMNSs, GRO NSs and and LUM NSs sequences were
amplified from the respective pTZ plasmids (Dunn et al.,
1994). For the insert of pTM1-CTRL, the 59 318 nt of the
xA reading frame were amplified from pBS-T7/MxA
Weber et al., 2000). To generate the N-terminal fusion
rotein expression plasmid pTM1-FLAG-NSs, the coding
equence for the FLAG epitope (Hopp, 1988), preceded
y a translational start codon, was included in the 59 PCR
rimer sequence and the ATG start codon of the template
eading frame was omitted.
Construction of the pTM1-BUNL plasmid required am-
lification of an internally deleted L segment cDNA that
acked the sequences between nucleotides 699 and
660 (Bridgen and Elliott, 1996). The PCR product was
loned into pTM1 using the same strategy as described
bove. The full-length L ORF was reconstructed by di-
esting this intermediate construct with BsgI and PmeI
nd inserting the BsgI–PmeI fragment (representing L
ucleotides 78 to 5947) from pT7riboBUNL (Bridgen and
lliott, 1996).
The internal control plasmid pTM1-FF-Luc was con-
tructed by digesting the Photinus (firefly) luciferase ex-
ression plasmid pGL3-control (Promega) with NcoI and
amHI and inserting the cDNA fragment into NcoI–
amHI-digested pTM1.
The BUN reporter plasmid pT7riboBUNMREN(-) is a
erivative of pT7ribo (Dunn et al., 1995). It expresses a
egative-sense BUN M segment-like RNA under control
f a T7 promoter, with the M segment coding sequence
eplaced by the Renilla (sea pansy) luciferase gene, and
as constructed by a PCR-mediated approach (Dunn
nd Elliott, in preparation).
roduction of T7-SIN cells, transfection, and dual
eporter assays
T7 RNA polymerase-expressing BHK-21 cells were
enerated by transfecting in vitro transcribed RNA of the
oncytopathic Sindbis virus replicon SINrep19 T7
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73BUNYAMWERA VIRUS NSs PROTEIN(Agapov et al., 1998), kindly provided by Charles M. Rice
(Washington University School of Medicine, St. Louis,
MO), and selecting for puromycin-resistant cell popula-
tions. These T7-SIN cells were maintained in Glasgow
modified Eagle’s medium (GMEM) supplemented with
10% newborn calf serum (NCS) containing 5 mg/ml pu-
omycin (Sigma). For transfection with BUN plasmids,
ubconfluent monolayers of cells were incubated with
lasmid DNAs in 500 ml OptiMEM (Gibco BRL) contain-
ng 15 ml liposomes (prepared as described by Rose et
al., 1991). After 5 h at 37°C, the liposome–DNA mixture
was removed and replaced with 2 ml GMEM, and incu-
bation continued for 18 h. The cells were then lysed in
200 ml of Dual Luciferase Passive Lysis Buffer (Pro-
ega), and 20 ml cell lysate was used to measure firefly
nd Renilla luciferase activities as described by the man-
facturer (Promega).
estern blot analysis
Cells were lysed in Passive Lysis Buffer (Promega)
nd an aliquot containing 10 mg protein was separated
on a 10% polyacrylamide gel by electrophoresis and
blotted onto an Hybond-C membrane (Amersham) using
a semidry transfer apparatus (Pharmacia). The mem-
brane was incubated with a 1:500 dilution of rabbit anti-
BUN N serum and the N protein band was visualised
using the ECL method (Amersham).
Immunofluorescence analysis
T7-SIN cells were grown on coverslips to 30–50%
confluency and transfected with 2 mg plasmid and 6 ml
Fugene reagent (Roche) according to the manufacturer’s
instructions. Cells were fixed and permeabilised with
ice-cold methanol at 18 h posttransfection. Cells were
washed three times with phosphate-buffered saline
(PBS) and incubated with the primary antibody, monoclo-
nal mouse anti-FLAG M2 (Stratagene), diluted 1:500 in
PBS containing 1% NCS. After incubation at room tem-
perature for 1 h, the coverslips were washed three times
in PBS and then treated with the secondary antibody,
fluorescein isothiocyanate-conjugated goat anti-mouse
IgG (Sigma), at a dilution of 1:200. Propidium iodide was
included in the secondary antibody mix at a concentra-
tion of 1 mg/ml to stain the cell nuclei. Cells were again
ashed three times in PBS and mounted using AF1
lycerol/PBS solution (Citifluor). Stained cell samples
ere examined using a Zeiss Axiovert confocal laser
canning microscope with a X63 NA1.4 objective, linked
o the LSM 510 software.
ACKNOWLEDGMENTS
We thank Carol Noonan for excellent technical assistance, Charles
Rice for providing SINrep19 T7 and helpful advice, and Susan Jacobs
and Alain Kohl for critically reading the manuscript. This work was
supported by grants from the Wellcome Trust (048387) and Medical
LResearch Council (G9604470) to R.M.E. F.W. was supported by a Long
Term Fellowship (ALTF 36-1998) from the European Molecular Biology
Organisation.
REFERENCES
Agapov, E. V., Frolov, I., Lindenbach, B. D., Pragai, B. M., Schlesinger, S.,
and Rice, C. M. (1998). Noncytopathic Sindbis virus RNA vectors for
heterologous gene expression. Proc. Natl. Acad. Sci. USA 95, 12989–
12994.
Atreya, P. L., Peeples, M. E., and Collins, P. L. (1998). The NS1 protein
of human respiratory syncytial virus is a potent inhibitor of mini-
genome transcription and RNA replication. J. Virol. 72, 1452–1461.
usubel, F. M., Brent, R., Kingston, R. E., Moore, D. D., Seidman, J. G.,
Smith, J. A., and Struhl, K. (1993). “Current Protocols in Molecular
Biology,” Greene and Wiley, New York.
ishop, D. H. L. (1996). Biology and molecular biology of bunyaviruses.
In “The Bunyaviridae” (R. M. Elliott, Ed.), pp. 19–53. Plenum, New York.
Bridgen, A., and Elliott, R. M. (1996). Rescue of a segmented negative-
strand RNA virus entirely from cloned complementary DNAs. Proc.
Natl. Acad. Sci. USA 93, 15400–15404.
Bridgen, A., Weber, F., Fazakerley, J. K., and Elliott, R. M. (2001). Bun-
yamwera bunyavirus nonstructural protein NSs is a non-essential
gene product that contributes to viral pathogenesis. Proc. Natl. Acad.
Sci. USA 98, 664–669.
Cadd, T., Garcin, D., Tapparel, C., Itoh, M., Homma, M., Roux, L., Curran,
J., and Kolakofsky, D. (1996). The Sendai paramyxovirus accessory C
proteins inhibit viral genome amplification in a promoter-specific
fashion. J. Virol. 70, 5067–5074.
Collins P. L., Hill, M. G., Cristina, J., and Grosfeld, H. (1996). Transcrip-
tion elongation factor of respiratory syncytial virus, a nonsegmented
negative-strand RNA virus. Proc. Natl. Acad. Sci. USA 93, 81–85.
Curran, J., Boeck, R., and Kolakofsky, D. (1991). The Sendai virus P gene
expresses both an essential protein and an inhibitor of RNA synthe-
sis by shuffling modules via mRNA editing. EMBO J. 10, 3079–3085.
unn, E. F., Pritlove, D. C., and Elliott, R. M. (1994). The S RNA genome
segments of Batai, Cache Valley, Guaroa, Kairi, Lumbo, Main Drain
and Northway bunyaviruses: Sequence determination and analysis.
J. Gen. Virol. 75, 597–608.
unn, E. F., Pritlove, D. C., Jin, H., and Elliott, R. M. (1995). Transcription
of a recombinant bunyavirus RNA template by transiently expressed
bunyavirus proteins. Virology 211, 133–143.
lliott, R. M. (1996). “The Bunyaviridae.” Plenum, New York.
lliott, R. M. (1997). Emerging viruses: The Bunyaviridae. Mol. Med. 3,
572–577.
uerst, T. R., Niles, E. G., Studier, F. W., and Moss, B. (1986). Eukaryotic
transient-expression system based on recombinant vaccinia virus
that synthesizes bacteriophage T7 RNA polymerase. Proc. Natl.
Acad. Sci. USA 83, 8122–8126.
aller, O., Janzen, C., Vialat, P., Huerre, M., Pavlovic, J., and Bouloy, M.
(2000). High virulence of attenuated Rift Valley fever virus in mice
lacking a type I interferon system. J. Clin. Virol. 18, 192.
opp, T. P. (1988). A short polypeptide marker sequence useful for
recombinant protein identification and purification. Bio/Technology 6,
1204–1210.
orikami, S. M., Hector, R. E., Smallwood, S., and Moyer, S. A. (1997).
The Sendai virus C protein binds the L polymerase protein to inhibit
viral RNA synthesis. Virology 235, 261–270.
roegbu, C. U., and Pringle, C.R. (1981). Genetic interactions among
viruses of the Bunyamwera complex. J. Virol. 37, 383–394.
ee, K. J., Novella, I. S., Teng, M. N., Oldstone, M. B., and de La Torre,
J. C. (2000). NP and L proteins of lymphocytic choriomeningitis virus
(LCMV) are sufficient for efficient transcription and replication of
LCMV genomic RNA analogs. J. Virol. 74, 3470–3477.opez, N., Muller, R., Prehaud, C., and Bouloy, M. (1995). The L protein
of Rift Valley fever virus can rescue viral ribonucleoproteins and
74 WEBER ET AL.transcribe synthetic genome-like RNA molecules. J. Virol. 69, 3972–
3979.
Moss, B., Elroy-Stein, O., Mizukami, T., Alexander, W. A., and Fuerst,
T. R. (1990). New mammalian expression vectors. Nature 348, 91–92.
Rose, J. K., Buonocore, L., and Whitt, M. A. (1991). A new cationic
liposome reagent mediating nearly quantitative transfection of ani-
mal cells. BioTechniques 4, 520–525.
Scallan, M. F., and Elliott, R. M. (1992). Defective RNAs in mosquito cells
persistently infected with Bunyamwera virus. J. Gen. Virol. 73, 53–60.
Simons, J. F., Persson, R., and Petterson, R. F. (1992). Association of the
nonstructural protein NSs of Uukuniemi virus with the 40S ribosomal
subunit. J. Virol. 66, 4233–44241.
Thompson, J. D., Higgins, D. G., and Gibson, T. J. (1994). CLUSTAL W:Improving the sensitivity of progressive multiple sequence alignment
through sequence weighting, positions-specific gap penalties and
weight matrix choice. Nucleic Acids Res. 22, 4673–4680.
Tober, C., Seufert, M., Schneider, H., Billeter, M. A., Johnston, I. C.,
Niewiesk, S., ter Meulen, V., and Schneider-Schaulies, S. (1998).
Expression of measles virus V protein is associated with pathoge-
nicity and control of viral RNA synthesis. J. Virol. 72, 8124–8132.
Watanabe, K., Handa, H., Mizumoto, K., and Nagata, K. (1996). Mecha-
nism for inhibition of influenza virus RNA polymerase activity by
matrix protein. J. Virol. 70, 241–247.
Weber, F., Haller, O., and Kochs, G. (2000). MxA GTPase blocks reporter
gene expression of reconstituted Thogoto virus ribonucleoprotein
complexes. J. Virol. 74, 560–563.
